Background: Microalgae, the third-generation source of biofuel have invaluable bio-refineries such as carotenoids. The accumulation of carotenoids in the algal cell is based on several parameters during algal growth. Some of these parameters are irradiance and cultivation periods which figures the photoperiod during algal growth. In this work, 0.6 g/L Chlamydomonas reinhardtii, green algae strain, was cultivated using the BG-11 medium in bubble column photobioreactor illuminated by white cool fluorescent 24 h per day, irradiance range 40.5-149 μmol.m
Background
Microalgae are considered as an ideal source for natural carotenoids and they gather the easy and rapid growth than other unicellular microorganisms (Berman et al. 2015 , Henríquez et al. 2016 . Carotenoids are characterized by energetic metabolism, which ensures a variety of secondary metabolites products (Ahmed et al. 2014) . Furthermore, their benefits in human health were conclusively proved, and this led to open novel uses for some carotenoids (Thomas and Kim 2013) .
Carotenoids, the liposoluble pigments, are divided according to their chemical structure into two types: carotene and xanthophyll. Carotene molecule as β-carotene, α-carotene, and lycopene is a hydrocarbon chain consists of eight isoprenoid units forming a long skeleton (40 carbons) conjugated by double bonds and terminated by cyclic hydrocarbon groups (Ben Amor et al. 2017) . The xanthophyll molecule is a carotene molecule with oxygenated groups that cause higher polarity than the carotene molecule (Stahl and Sies 2012) . In xanthophyll, the oxygen group expresses the kind of carotenoids, e.g.; OHgroups indicate lutein, while the oxi-groups signify canthaxanthin, and the combination of both designate astaxanthin (Guedes et al. 2011) .
There are about 700 different chemical structures of carotenoid pigments (isomers) with perceptive colors and biological properties (Stafsnes et al. 2010) . The double bonds in carotenoids molecules are making a light-absorbing for the chromophore, which confers them the characteristic of staining color yellow, red, or orange (Cardoso and Kanno KYand Carp 2017) . Also, they are making them very sensitive to light, heat, and oxygen (Amorim-Carrilho et al. 2014) .
Carotenoids proved their activity as an antioxidant and pro-vitamin A. Thus, they are used in pharmaceutical, nutraceutical, and cosmetic industries (Cardoso and Kanno KYand Carp 2017) . Β-carotene is used by dermatologists due to its ability to regenerate cells at the outer layers of the skin. It is also used in the industries of cosmetics such as in suntan, moisturizers, makeup, cleansers, and hair care products. The ability of β-carotene to protect skin from sun damage is attributed to its antioxidant property which also imparts a natural glow to the skin (Stafsnes et al. 2010) . Lutein and zeaxanthin are of high valuable secondary metabolites carotenoids, acting to protect the human retina against photo-oxidative damage and macular degeneration (Sun et al. 2016) . While the astaxanthin has a good effect to improve skin wrinkle, age spot size, elasticity, and skin texture (Lorenz and Cysewski 2000; Tominaga et al. 2012) .
Green algae like Dunaliella, Chlorella, Haematococcus, and Chlamydomonas, can be overproducing secondary carotenoids under unusual culture conditions such as light intensity, cultivation period, salt stress, temperature, and nitrogen limitation (Fu et al. 2013; Santhosh et al. 2016) . The genetic powerful with rapid growth and high biomass production at the low cost of Chlamydomonas species made them very interesting for biotechnology research to produce high-value carotenoids (Couso et al. 2012; Neupert et al. 2009 ). However, stress conditions should be optimized to avoid interior interactions. The response surface methodology (RSM) is one of the scientific approaches that are useful for optimizing the parameters affecting any process. Also, it is used to analyze the effects of several independent variables on the system response and to determine the optimum operating conditions within the operating specifications (Attia et al. 2014) .
In this study, irradiance and cultivation period as stress conditions of carotenoids accumulation in C. reinhardtii were studied and analyzed using RSM to ensure that there is not any interaction between the parameters and the lack of fit is not significant. Finally, prediction models for carotenoids accumulation were derived analyzing the relation between the parameters and the carotenoids by mass ratio, then comparing the priorities of biomass productivity and carotenoids accumulation to obtain the maximum yield of carotenoids.
Methods

Materials
Inoculum preparation and cultivation system
Chlamydomonas reinhardtii was isolated from the Nile River, Egypt, at Wastewater Research Department, National Research Centre, Egypt. Initial concentration 0.6 g/L of C. reinhardtii was cultivated at a temperature 20 ± 1°C (293 ± 273 K), aeration flow rate 1 V/V and irradiance range 40.5-149 μmol.m −2
.s −1 of white cool fluorescent light and the cultivation period from 10-20 days 24 h per day in bubble column photobioreactor using the BG11 medium (El-Mekkawi et al. 2016) . Microalgae were harvested through settling without additives (30-60 min). The sediments were collected and washed twice by distilled water, then centrifuged at 1000 rpm for 10 min. The algal cells were dried at 40°C (313 K) overnight (El-Mekkawi et al. 2016 ).
Pigment extraction
The dried algae were repeatedly extracted under stirring with a homogenizer for 5 min with several portions of a solution consists of petroleum ether (b.p. 40-60°C) (313-333 K) and ethyl acetate in ratio 7:3 at room temperature and dim light until colorless extract was obtained. The suspensions were filtered and washed with distilled water then separated using separating funnel and dried in a stream of nitrogen (Sarkar et al. 2012 ).
Saponification
The extracts (25 mL) were treated with 5% ethanolic potassium hydroxide solution (5 mL) and kept overnight at room temperature for complete saponification of xanthophyll esters. This solution is washed with water several times till neutrality, then separated using separating funnel and dried in a stream of nitrogen (Weissenberg et al. 1997 ).
HPLC analysis
Chromatographic separations were done using a reversed-phase column (Agilent TC, C 18 (2), 5 μm 12.5 × 0.4 cm I.D.). The chromatograms were monitored at 450 nm; the mobile phase was acetonitrile, 2-propanol, ethyl acetate (40: 40: 20, v/v/v) ; the flow rate was 0.8 mL/min; the pressure was 58-72 bar. The dried extracts were dissolved in the solution of extraction (1 mL), filtered through a 0.45 μm membrane disc (4.6 × 250 mm) and injected into the chromatograph (injection volume 10 μL). The column was regenerated by washing with 2-propanol after analysis and equilibrated with the mobile phase (Weissenberg et al. 1997; Ligor et al. 2014 ).
RSM
The light intensity and the period of cultivation are considered the most significant parameters affecting the accumulation of carotenoids in phototrophic algae (Varela et al. 2015; Wahidin et al. 2013 ). The range of the examined irradiance was 40.5-149 μmol.m
. The selected range of cultivation period was 10-20 days. The response surface methodology (RSM) was applied as a suitable route for optimizing the interactive effect of irradiance (I) and the cultivation period (T) on the carotenoids concentration. The experimental results were statistically analyzed and modeled using the RSM according to Eq. 1 (Montgomery 2003) , which was applied using Design Expert-6.0.8 software during a trial period. The extent of the fit of the model was evaluated using the coefficient of determination and analysis of variance (ANOVA).
where a 0 = the regression constant; a 0 , a 1 , a 2 , a 11 , a 22 , a 12 = regression coefficients; and X 1 and X 2 = independent variables investigated here.
Results
The effects of light intensity and cultivation period were studied as two independent variables affecting carotenoids concentration in a total of 13 experiments in accordance with a 2 2 complete factorial design as shown in Table 1 . The data were analyzed using Design Expert 6.0.8 software and by applying the RSM. Tables 2 and 3 
The regression equation of the biomass yield response in terms of the actual variables is as follows:
The normal plots of the residuals of this model are shown in Fig. 1 . and the surface plot and contour of astaxanthin is shown in Fig. 2 . The analysis of lutein response yielded two linear coefficients (A, B) and one cross-product coefficient for the full model. The R 2 was 0.99, the adjusted R 2 was 0.99, the predicted R 2 was 0.98, 
The normal plots of the residuals of this model are shown in Fig. 3 . and the surface plot and contour of lutein is shown in Fig. 4 .
The analysis of the quadratic model of β-carotene response yielded two linear coefficients (A, B), two quadratic coefficients (A 2 , B 2 ), and one cross-product coefficient for the full model. The statistical analysis of β-carotene content response revealed that both the R 2 and the adjusted R 2 was 0.99, whereas the predicted R 
The normal plots of the residuals of this model are shown in Fig. 5 . and the surface plot and contour of β-carotene is shown in Fig. 6 .
The predicted optimum conditions of C. reinhardtii cultivation using the statistical models are two routes, the first is 40.5 μmol.m −2 .s −1 irradiance and 10 days cultivation period, whereas the second route, is 149 μmol.m −2 .s −1 for 10 days. In Table 4 , the statistical analysis of the predicted values based on these solutions were verified. The biomass yield after 10 days cultivation was 1.7 g/L at 40.5 μmol.m −2 .s −1 and 2.15 g/L at 149 μmol.m −2 .s −1 .
Discussion
Irradiances at 100-200 μmol.m −2 .s −1 are commonly used for microalgal production of phototrophic cultivation (Zhao and Su 2014) . Optimum light requirements vary with the microalgal species (Minhas et al. 2016) . Light intensity as well as cultivation time, that figures the photoperiod, affect biomass, and other metabolites (Seyfabadi et al. 2011; Khoeyi et al. 2012) . However, there is no sufficient information about the interactive effect of irradiance (I) and cultivation period (T) on the carotenoid content for C. reinhardtii; thus, RSM is used to analyze this interaction if exist.
The statistical analysis of each astaxanthin response, lutein response, and β-carotene response revealed that the predicted R 2 is in reasonable agreement with the adjusted R 2 . The values of Prob > F less than 0.05 indicating the model terms are significant, whereas the lack of fit of the three responses are not significant that indicate that the model can accurately predict the relationships between the reaction factors within the selected range. High variance is noticed as each coefficient of variation (C.V.) is greater than one indicating that the data points are very spread out from the mean, and from one another. The analysis revealed that the optimum conditions required for the maximum carotenoid content are irradiance 40.5 μmol.m irradiance and 10 days cultivation period, the results at 95% confidence level were 0.85 mg/g astaxanthin, 0.87 mg/g lutein, and 0.64 mg/g β-carotene. However, according to the biomass yield that increases with increasing light intensity; the second solution is preferred as a consequence of increasing the total weight of carotenoids. The statistical studies tackled with optimizing the stress conditions are rare. However, the results are in agreement with that found describing the effect of high light intensity during the exponential phase. Increasing light intensity caused an increase in astaxanthin in Haematococcus pluvialis (Del Campo et al. 2004) , the same was recorded for Scenedesmus sp. that accumulate 0.59 mg/g under stress conditions of high irradiance (Peng et al. 2012) . In this work, astaxanthin content increased by 6% of total carotenoids as irradiance increased from 40.5 μmol.m −2 .s −1 to 149 μmol.m −2 .s −1 , (Xie et al. 2013) where high light intensity resulted in lutein content reduction in Scenedesmus sp. Besides astaxanthin, β-carotene content was also increased by 2% of total carotenoids at light intensity increased from 40.5 μmol.m −2 .s −1 to 149 μmol.m −2 .s −1 . Fig. 3 The normal plot of lutein model Formation of each primary β-carotene and secondary carotene is affected by high as well as by low light intensity as shown in Fig. 6 as a consequence to the existence of photosynthesis under both levels of light intensity (El-Baz et al. 2002) . At low irradiance, fewer oxygen radicals are generated, whereas under high irradiance cells are unable to utilize all the energy that is generated which implies the lutein decreasing for high irradiance as shown in Fig. 4 this may due to the functional group in lutein molecule (Guedes et al. 2011 ). However; high energy results from high irradiance activates more oxygen molecules that are essential for the oxi-group of astaxanthin, leading to the formation of astaxanthin (Guedes et al. 2011; Mata-Goméz et al. 2014 ).
Conclusions
As the high irradiance and cultivation period are two essential parameters for accumulating oil in algae to produce biofuel, these parameters are also essential for the accumulation of carotenoids which are added-value for 
